The impact of somatic cell proliferation rate on induction of pluripotent stem cells remains controversial. Herein, we report that rapid proliferation of human somatic fibroblasts is detrimental to reprogramming efficiency when reprogrammed using a lentiviral vector expressing OCT4, SOX2, KLF4, and cMYC in insulin-rich defined medium. Human fibroblasts grown in this medium showed higher proliferation, enhanced expression of insulin signaling and cell cycle genes, and a switch from glycolytic to oxidative phosphorylation metabolism, but they displayed poor reprogramming efficiency compared with cells grown in normal medium. Thus, in contrast to previous studies, our work reveals an inverse correlation between the proliferation rate of somatic cells and reprogramming efficiency, and also suggests that upregulation of proteins in the growth factor signaling pathway limits the ability to induce pluripotency in human somatic fibroblasts. STEM CELLS TRANSLATIONAL MEDICINE 2015;4:1-8
INTRODUCTION
Breakthrough discoveries from the Yamanaka laboratory [1, 2] and the establishment of human induced pluripotent stem cells (hiPSCs) have opened new avenues for generating patientspecific stem cell derivatives that can be used for in vitro modeling of human disease, drug development, and cell replacement therapy. However, current methodologies of induced pluripotent stem cell (iPSC) generation continue to face technical challenges, in part because of relatively poor reprogramming efficiencies. As efforts to make iPSCs more useful in human transplantation studies continue, many groups have contributed to significant progress in this field, including the use of reduced numbers of reprogramming factors, and adopting nonintegrating methods of their delivery, cell permeable proteins, and stand-alone small molecules or direct reprogramming [3] [4] [5] [6] [7] . Despite these efforts, reprogramming efficiency and its relationship with cell proliferation continues to remain poorly understood in the iPSC field. For example, vitamin C has been suggested to promote reprogramming by limiting cell senescence and indirectly promoting proliferation [8] , and mitochondrial regression has been reported to be associated with a pluripotent state [9] . Other studies suggest that a high proliferation rate of human somatic fibroblasts is essential for efficient reprogramming by decreasing apoptosis rates and limiting reprogramming barriers, including senescence [10, 11] . In contrast, Xu et al. [12] reported that the slow proliferation of mouse somatic cells is beneficial for reprogramming. Consistently, several small molecule inhibitors of cell proliferation have also been reported to enhance somatic cell reprogramming [13] [14] [15] .
To directly address the significance of proliferation for reprogramming, we cultured primary human fibroblasts in either defined insulin-rich AmnioMAX (Ax) medium or in normal, conventional Dulbecco's modified Eagle's medium (N) (both from Thermo Fisher Scientific Inc., Waltham, MA, http://www.thermofisher.com). AmnioMAX, Figure 1 . The growth medium determines growth kinetics of human somatic fibroblasts. (A): The cell numbers of 5 primary hFs-AG16104 (hFs 1), AG16086 (hFs 2), 120111 (hFs 3), 120116 (hFs 4), and AG16102 (hFs 5)-were measured by a hemocytometer on day 3 and day 5 after excluding dead cells by trypan blue staining. (White boxes represent cell numbers in N and black boxes indicate cell numbers in defined Ax.) The cells were seeded at equal densities (30,000 cells per well) on day 0 and counted on day 3 and day 5 in triplicate wells. The x-axis denotes the hFs. (B): hFs 3 and hFs 4 were seeded at equal densities (30,000 cells per well) and cultured in N or Ax medium. Cells were harvested on day 3 and subjected to Ki67 immunostaining to identify cycling cells. DAPI was used to stain nuclei. Scale bars = 200 mm. (C): The relative expression of cell cycle genes CycD1, CycD2, CDK4, and CycE2 in hFs grown in N (white bars) or Ax medium (black bars). Expression was normalized to the b-actin gene and is shown relative to the average N medium level. The x-axis denotes the number of hFs. (D): Expression of CycD1, CycD2, and CDK4 proteins was demonstrated by Western immunoblot analysis. b-actin was used as an internal control. All experiments were performed three times. Data are shown as mean 6 SD. Statistical significance was determined by Student's t test. p, p , .05; pp, p , .01 for Ax versus N. Abbreviations: Ax, AminoMAX medium; DAPI, 4,6-diamidino-2-phenylindole; hF, human fibroblast; N, Dulbecco's Modified Eagle's medium. a well-defined medium, has been used for culturing human amniotic fluid cells and fibroblasts [16, 17] . Our study demonstrates a direct inverse correlation of high cell proliferation and reprogramming efficiency for human somatic cells in Ax medium. These results have important implications for utility of these cells for translational studies in humans.
RESULTS AND DISCUSSION

AmnioMAX Medium Accelerates the Growth Kinetics of Somatic Fibroblasts
Human fibroblasts (hFs) obtained from healthy individuals-AG16104 (hFs 1), AG16086 (hFs 2), 120111 (hFs 3), 120116 (hFs 4), and AG16102 (hFs 5)-were either grown in conventional normal growth medium (N) or Ax medium. Strikingly, fibroblasts grew faster when grown in Ax medium compared with cells grown in N medium (supplemental online Fig. 1A) . To quantify proliferation, we seeded an equal number of fibroblasts (2 3 10 4 ) on day 0 and counted the fibroblasts at days 3 and 5. We observed a 1.5-to 2-fold increase at day 3 and a 2-to 3-fold increase in number of cells at day 5, when cultured in Ax medium compared with N medium (Fig. 1A ). An increased rate of proliferation in Ax medium was confirmed by Ki67/49,6-diamidino-2-phenylindole immunostaining in hFs 3 and hFs 4 (Fig. 1B) . Further quantification by flow cytometry analysis of hFs 3, hFs 4, and hFs 5 at day 5 revealed an average 2-to 3-fold increase in Ki67-positive cells grown in Ax medium (supplemental online Fig. 1B, 1C) . We also observed an increase in expression of cell cycle genes CycD1 (2-to 5-fold), CycD2 (2-to 10-fold), CycE2 (20-to 40-fold), and CDK4 (2-to 6-fold) in human fibroblasts grown in Ax medium compared with fibroblasts cultured in N medium (Fig. 1C) . Detection of increased CycD1, CycD2, and CDK4 proteins by Western immunoblotting confirmed enhanced cell cycle progression in fibroblasts cultured in Ax medium (Fig. 1D ). Attempts to culture human fibroblasts in mTeSR human medium were not successful and the cells failed to grow in contrast to robust growth when cultured in N or Ax medium (supplemental online Fig. 1D ). Together, these data suggest that growth of human fibroblasts in Ax medium leads to a greater rate of proliferation and the enhanced expression of cell cycle proteins.
Enhanced Growth Factor (Insulin) Signaling Contributes to Higher Proliferation of Fibroblasts Cultured in Ax Medium
The more rapid proliferation of somatic fibroblasts in defined Ax medium led us to investigate the expression of genes associated with cell survival and growth factor (insulin/insulin-like growth factor-1 [IGF-1]) signaling pathways. We observed a 2-to 6-fold upregulation of genes involved in blocking apoptosis, including AKT1, BCL2, XIAP, and BCL-XL in human fibroblasts grown in Ax medium ( Fig. 2A) . Furthermore, growth factor (insulin/IGF-1) signaling pathway-related genes, including IR, IRS1, S6K, ERK, GRB2, and PI3K, were also significantly upregulated (2-to 3-fold) in fibroblasts grown in Ax medium (Fig. 2B ). Western immunoblot analysis confirmed an increased phosphorylation of AKT (approximately 2.5-fold) and higher protein expression of phosphatidylinositol 3-kinase (PI3K), IRS-1, and S6K (approximately 5-fold) in human fibroblasts grown in defined Ax medium (Fig. 2C, 2D ; supplemental online 2A). However, we did not observe any significant change in the protein levels of GRB2 or ERK (supplemental online Fig. 2B ), suggesting Ax medium has a more prominent effect on the PI-3 kinase pathway than the MAP kinase pathway.
Our findings are consistent with previous studies [18] reporting increased expression of cell survival genes (AKT1, BCL2, XIAP, and BCL-XL) during increased proliferation. Consistent with the observation that insulin is a potent inducer of cell proliferation during development [19] , we detected an upregulation of phosphorylated AKT and of proteins in the insulin/IGF-1 signaling pathway, including PI3K, IRS1, and S6K, in fibroblasts grown in defined Ax medium.
Our focus on examining the insulin signaling pathway and cell proliferation in the context of reprogramming of human somatic fibroblasts gains significance given several opposing reports in this field. Ruiz et al. [11] reported that high proliferation of somatic cells is beneficial to reprogramming by providing evidence that expression of CycD1, CycD2, and CycE2, but not CDK1, CDK2, and CDK4, increased the reprogramming efficiency of human keratinocytes by more than 2-fold. On the contrary, Xu et al. [12] reported that low proliferation of somatic cells is helpful to induce pluripotency. They demonstrated that removing cMyc from among the four reprogramming factors led to a 10-fold increase in reprogramming efficiency of mouse fibroblasts, whereas forced expression of cMyc led to hyperproliferation and correlated negatively with overall reprogramming efficiency. In contrast to these two studies, our observations implicate increased cell cycle markers and an upregulation of proteins in the insulin/IGF-1 signaling pathway in the reprogramming process.
High Proliferation Rate and Upregulation of Insulin Signaling in Somatic Fibroblasts Correlates With Lower Reprogramming Efficiency
Next, to examine whether cell cycle progression and increased growth determine somatic cell reprogramming, we subjected fibroblasts individually cultured in N or Ax medium to reprogramming into iPSCs, using a protocol reported previously [20] (Fig. 3A) . As expected, even after human lentiviral transduction, we observed a 2-to 3-fold increase in viable cell numbers of both transduced and nontransduced fibroblasts in Ax medium (Fig. 3B) . However, surprisingly, this increase in cell numbers was associated with a significant reduction in reprogramming efficiency of cells cultured in Ax medium compared with those cultured in N medium, as demonstrated by alkaline phosphatase staining. A similar outcome in three independent samples (hFs 3, hFs 4, and hFs 5) confirmed a uniform effect (Fig. 3C, 3D ; supplemental online Fig. 2C ). Real-time polymerase chain reaction analysis showed no difference in the expression levels of OCT4 or NANOG between N-hiPSCs and Ax-hiPSCs, and there was no detection of OCT4 and NANOG in their respective parental fibroblasts (supplemental online Fig 2D) . Furthermore, we observed a similar level of expression of SSEA4 (.90%) and TRA1 60 (.80%) pluripotent surface markers by flow cytometry (Fig. 3E ) and OCT4 expression by immunohistochemistry (supplemental online Fig. 2E ) in hiPSCs derived from the fibroblasts cultured in either medium. The hiPSCs from both groups were able to form embryoid bodies as well as develop teratomas that included cells from the three lineages, as shown by immunostaining (supplemental online Fig. 2F, 2G ). These results indicate that a higher proliferation and an upregulation in expression of proteins in the growth factor (insulin/IGF-1) signaling pathway does not impact pluripotency of the derived hiPSCs that are successfully reprogrammed, but does influence the frequency of cells that undergo reprogramming. Consistent with our results, Xu et al. [12] reported that low proliferation of mouse fibroblasts is beneficial for reprogramming. Although these authors did not explain the precise mechanism, their data reveal that different small molecules that are antiproliferative agents (e.g., amphidicolin, cisplatin, aloisine A, CDK9 inhibitor II) enhanced the reprogramming efficiency of mouse somatic fibroblasts. One possible explanation for the altered reprogramming is that higher proliferation rates affect some epigenetic markers and/or influence the heterochromatin stage of the cells to eventually limit cellular reprogramming.
Vitamin C, a small molecule, was reported to improve somatic cell reprogramming by enhancing cell proliferation. In contrast, valproic acid has been shown to increase reprogramming efficiency and to induce pluripotency in human amniotic-fluid cells alone, without ectopic expression of reprogramming factors [15, 21, 22] . Indeed, several small molecules, such as kenpaullone, Gupta, Teo, Rao et al.
trichostatin A, 5-azacytidine, and CHIR99021, have all been identified as antiproliferative agents in various cell types [23] [24] [25] [26] that also promote reprogramming of fibroblasts [13, 15] (Table 1; supplemental online data).
To further validate the role of IGF-1 and insulin signaling, we reprogrammed hFs 3, 4, and 5 cultured in N medium with or without supplementation with IGF-1 (100 nM) or insulin (43 ng/ml). We used the same concentration of insulin as that present in Ax medium. Interestingly, we observed a significant decrease in reprogramming efficiency in the presence of either IGF-1 or insulin (supplemental online Fig. 3A-3C ). This supplementation experiment further supported a potential role for insulin or IGF-1 signaling in reprogramming of human fibroblasts.
Activation of Metabolic Switch From Glycolysis to Oxidative Phosphorylation Leads to Significant Decrease in Reprogramming Efficiency of Somatic Fibroblasts
Previous reports indicating that cell-fate conversion is associated with a transition between oxidative phosphorylation and glycolytic metabolism [9] , coupled with the observation that insulin/IGF-1 is known to regulate mitochondrial function [27, 28] , prompted us to explore whether a similar switch appears in the phenotype of human fibroblasts that show altered insulin/IGF-1 signaling. To this end, we undertook metabolic profiling by investigating cellular metabolism in the context of reprogramming, using the Seahorse Bioflux Analyzer (Seahorse Bioscience, Billerica, MA ,http://www.seahorsebio. com). This analysis revealed that human fibroblasts cultured in defined Ax medium exhibit increased basal respiration, as shown by a 2-fold higher oxygen consumption rate (OCR) compared with fibroblasts grown in conventional N medium ( Fig.  4A ; supplemental online Fig. 4A ). Interestingly, fibroblasts cultured in N medium displayed increased glycolytic capacity compared with fibroblasts grown in Ax medium. Thus, in response to glucose stimulation, fibroblasts grown in N medium showed a higher OCR and extracellular acidification rate than fibroblasts grown in Ax medium ( Fig. 4B; supplemental online Fig.  4B ). Consistent with a role for altered glycolysis and hypoxia in the regulation of reprogramming [29] , we observed a significantly reduced protein expression of HIF1a (93%), PDK1 (77.1%), PKM2 (91.6%), and GLUT1 (95.9%) in total cell extracts In fibroblasts with normal proliferation, cells maintain higher glycolysis and low OXPHOS. Cells cultured in Ax medium, with higher cell proliferation, exhibit increased growth factor (insulin/IGF-1) signaling and a higher OXPHOS by downregulating the expression of HIF1a, PDK1, PKM2, and GLUT1 proteins, leading to a significant decrease in the efficiency of induction of pluripotency (hiPSCs). All experiments were performed three times, represented as mean 6 SD. Statistical significance was determined by Student's t test. p, p , .05; pp, p , .01 for Ax versus N. Abbreviations: AUC, area under the curve; GLUT1, glucose transporter-1; Ax, AminoMAX medium; HIF1a, hypoxia inducible factor-1 a; hiPSC, human induced pluripotent stem cell; N, Dulbecco's modified Eagle's medium; OCR, oxygen consumption rate; OSKM, OCT4, SOX2, KLF4, and cMYC; OXPHOS, oxidative phosphorylation; PDK1, phosphoinositide dependent kinase-1; PKM2, pyruvate kinase M2 isoform. of fibroblasts grown in Ax medium ( Fig. 4C ; supplemental online Fig. 4C ).
HIF1a signaling enhances reprogramming efficiency via metabolic switch toward glycolysis by upregulating expression of PDK1. Therefore, activation of HIF1a regulates Oct4 expression and augments the induction of human stemness signature in various tumor cell lines [29, 30] . Consistent with this notion, our findings demonstrate that reduction in HIF1a protein in highly proliferating somatic fibroblasts grown in Ax medium promotes refractoriness to reprogramming. Previous reports implicated an upregulation of PDK1 by small molecules in an increase in reprogramming [3] . Similarly, PKM2 may be involved in positive regulation of OCT4 and GLUT1 in glycolysis [31] . In our study, we noted that key regulators of glycolysis (e.g., PDK1, PKM2, and GLUT1) are all decreased in human fibroblasts that are rapidly proliferating when cultured in Ax medium and, consequently, exhibit a significant loss of reprogramming efficiency (Fig. 4D) .
To further validate the role of PDK1 in reprogramming, a central regulator of glycolysis, we knocked down PDK1 in hFs 3, hFs 4, and hFs 5 using scrambled or PDK1-specific siRNAs (supplemental online Fig. 5A ). Knocked-down PDK1 human fibroblasts showed significantly reduced reprogramming efficiency as compared with fibroblasts cultured in scrambled control small interfering RNA (supplemental online Fig. 5B, 5C ). This loss-of-function study further validated our findings in regard to a potential role of PDK1 and glycolysis in reprogramming of human fibroblasts.
CONCLUSION
We report that stimulation of cell proliferation limits human somatic cell reprogramming via upregulation of proteins in the insulin/IGF-1 signaling pathway and by promoting a metabolic switch from glycolysis to oxidative phosphorylation. These data provide a previously unidentified perspective on the roles of cell proliferation and growth factor signaling in induction of pluripotency and have implications for studies aimed at reprogramming of cells derived from humans with pathological states associated with impaired metabolism and/or cell proliferation, such as diabetes or cancer.
